The establishment and maintenance of proper attachment of kinetochores to microtubules are required to prevent chromosome missegregation and consequent chromosomal instability and tumorigenesis. Although MST1 (mammalian sterile 20-like kinase 1) has been implicated in many aspects of cell cycle regulation and tumor suppression [1] , its precise mechanism of action has remained largely unknown. We now show that MST1 promotes accurate kinetochoremicrotubule attachment by modulating the kinase activity of Aurora B. HeLa cells depleted of MST1 failed to develop stable end-on kinetochore-microtubule attachment, giving rise to unaligned mitotic chromosomes. The misaligned chromosomes activated the Mad2-and BubR1-dependent spindle checkpoint response, resulting in a delay in anaphase onset. The kinase activity of Aurora B, which promotes destabilization of kinetochore-microtubule attachment [2] [3] [4] , was increased in cells depleted of MST1 or NDR1, a downstream kinase of MST1. MST1 and NDR1 associated with Aurora B. Moreover, MST1 directly phosphorylated Aurora B and inhibited its kinase activity in vitro. Depletion of Aurora B restored the stability of kinetochoremicrotubule attachment in cells depleted of MST1 or NDR1. MST1 is thus a key regulator of Aurora B activity that ensures mitotic chromosome congression and accurate chromosome segregation.
The establishment and maintenance of proper attachment of kinetochores to microtubules are required to prevent chromosome missegregation and consequent chromosomal instability and tumorigenesis. Although MST1 (mammalian sterile 20-like kinase 1) has been implicated in many aspects of cell cycle regulation and tumor suppression [1] , its precise mechanism of action has remained largely unknown. We now show that MST1 promotes accurate kinetochoremicrotubule attachment by modulating the kinase activity of Aurora B. HeLa cells depleted of MST1 failed to develop stable end-on kinetochore-microtubule attachment, giving rise to unaligned mitotic chromosomes. The misaligned chromosomes activated the Mad2-and BubR1-dependent spindle checkpoint response, resulting in a delay in anaphase onset. The kinase activity of Aurora B, which promotes destabilization of kinetochore-microtubule attachment [2] [3] [4] , was increased in cells depleted of MST1 or NDR1, a downstream kinase of MST1. MST1 and NDR1 associated with Aurora B. Moreover, MST1 directly phosphorylated Aurora B and inhibited its kinase activity in vitro. Depletion of Aurora B restored the stability of kinetochoremicrotubule attachment in cells depleted of MST1 or NDR1. MST1 is thus a key regulator of Aurora B activity that ensures mitotic chromosome congression and accurate chromosome segregation.
Results and Discussion

MST1 Depletion Delays Anaphase Onset in a Manner Dependent on the Spindle Checkpoint Response
The kinases MST1 and MST2 have been implicated in regulation of the cell cycle and in tumor suppression, as well as in apoptotic responses [1, 5] . Studies in Drosophila have identified a tumor suppressor pathway mediated by Hippo, a homolog of MST1 and MST2 [5] . Hippo and MST phosphorylate and activate members of the nuclear Dbf2-related (NDR) family of kinases [6] [7] [8] [9] . Phosphorylation of Mob proteins by Hippo and MST also promotes activation of the NDR family kinases Warts and LATS (large tumor suppressor), respectively, leading to inhibition of cell proliferation [10] [11] [12] . However, the precise mechanism by which MST regulates the cell cycle machinery has remained poorly understood.
To elucidate the role of MST1 in the regulation of cell division, we first examined the effects of MST1 depletion by RNA interference (RNAi) on cell cycle-related events. Immunoblot analysis of cyclin B and phosphorylated histone H3 revealed that most control cells had entered mitosis by 8 hr after release from thymidine block at the G 1 -S transition and subsequently progressed to mitotic exit ( Figure 1A) . In MST1-depleted cells, however, degradation of cyclin B was delayed, and the abundance of phosphorylated histone H3 remained increased at 14 hr, suggesting that MST1 depletion results in mitotic arrest. MST1 depletion also interfered with the timely dephosphorylation of Cdc27, again indicative of a defect in mitotic exit ( Figure 1A ).
We next monitored mitotic progression in control or MST1-depleted HeLa cells expressing green fluorescent protein (GFP)-tagged histone H2B by time-lapse microscopy (Figure 1B) . Control cells exhibited properly aligned chromosomes on the metaphase plate, with the sister chromatids beginning to move toward the spindle poles at an average of w40 min after nuclear envelope breakdown (NEBD) (Figures 1B and  1C) . However, in MST1-depleted cells, anaphase did not begin until an average of w74 min after NEBD as a result of a defect in chromosome alignment at the spindle equator ( Figures 1B  and 1C ). Whereas only 5.3% of control cells failed to manifest proper chromosome alignment, 32.5% of MST1-depleted cells failed to do so ( Figures 1B and 1D ). MST1-depleted cells that still contained unaligned chromosomes at >2 hr after NEBD eventually underwent apoptosis (12.5%) or division (10%) ( Figures 1B and 1D ). These results indicate that MST1-depleted cells failed to properly form a metaphase plate, resulting in a delay in anaphase onset.
The spindle checkpoint monitors chromosome-microtubule attachment and ensures that sufficient time is available for metaphase chromosome alignment. Mad2 and BubR1 are key components of the mitotic checkpoint complex and inhibit the ability of Cdc20 to activate the anaphase-promoting complex (APC-Cdc20) that is responsible for progression into anaphase [13] . We next examined whether MST1 depletion might prolong activation of the Mad2-and BubR1-mediated spindle checkpoint. Depletion of Mad2 or BubR1 was previously shown to accelerate the timing of mitosis and to bypass mitotic arrest induced by the spindle checkpoint [14] . Consistent with these observations, Mad2 depletion resulted in complete abrogation of the mitotic arrest induced by MST1 depletion, with the resulting kinetics of mitotic progression being similar to those for cells depleted of Mad2 alone ( Figure 1E ). Likewise, BubR1 depletion relieved the mitotic arrest induced by MST1 depletion ( Figure 1F ). These findings suggest that MST1 depletion induces the Mad2-and BubR1-dependent checkpoint response, resulting in a delay in anaphase onset. This activation of the spindle checkpoint is likely triggered by the unaligned mitotic chromosomes observed in MST1-depleted cells by time-lapse imaging ( Figure 1B) . MST1 thus appears to be required for proper mitotic chromosome alignment and thereby contributes to timely anaphase onset.
MST1 Is Required for Functional Kinetochore-Microtubule Attachment
Given that MST1-depleted cells failed to align chromosomes properly at the spindle equator, we next examined microtubule binding to kinetochores, impairment of which leads to chromosome misalignment. Kinetochores, as detected by staining with CREST autoimmune serum, were attached accurately to spindle microtubules on the metaphase plate of control cells (Figure 2A ). In contrast, MST1-depleted cells manifested disorganized chromosomes with defective kinetochoremicrotubule attachment, consistent with the results of our time-lapse analysis. We also observed defective chromosome alignment in HeLa cells depleted of MST2 or NDR1 (see Figure S1 available online), consistent with the recent report showing that MST2-mediated activation of NDR1 is important for mitotic chromosome alignment [15] . Moreover, we found that misaligned chromosomes of MST1-depleted cells showed either side-on or no attachment to microtubules, whereas all kinetochores of aligned chromosomes manifested stable end-on attachment to spindle microtubules in control cells ( Figure 2B ). MST1 thus appears to be required for proper kinetochore-microtubule attachment.
To obtain further support for this conclusion, we examined whether MST1-depleted cells contain cold-stable microtubules, given that only microtubules with end-on attachment of kinetochores are resistant to cold-induced depolymerization. Whereas kinetochore-microtubule fibers remained intact after cold treatment in control cells, most microtubules underwent depolymerization in response to such treatment in MST1-depleted cells ( Figure 2C ). This latter finding is consistent with the presence of kinetochores with lateral or no attachment to microtubules in MST1-depleted cells ( Figure 2B ). MST1-depleted cells manifested weak and transient attachment of microtubules to kinetochores even when chromosomes appeared to be aligned at the spindle equator ( Figure 2C , middle). We next examined whether MST1 depletion interferes with the function of kinetochore-microtubule fibers in mitotic ) were arrested by incubation with monastrol (100 mM) for 4 hr, washed, and released for 1 hr into medium containing MG132 (10 mM). They were then stained as in (A). Scale bars in all panels represent 5 mm.
chromosome movement and alignment during the process of spindle reorganization from a monopolar to bipolar arrangement. Monastrol, an inhibitor of the mitotic kinesin Eg5, induces mitotic arrest with a monopolar spindle [16, 17] . Removal of monastrol releases cells from the arrest and results in the arrangement of chromosomes on the metaphase plate with a bipolar spindle. Control cells subjected to such treatment exhibited normal chromosome congression and alignment on the metaphase plate ( Figure 2D ). The chromosomes of MST1-depleted cells, however, failed to align on the metaphase plate, indicative of a lack of functional kinetochore-microtubule attachment (Figure 2D) . Together, these results suggest that MST1 is required for the stable kinetochore-microtubule attachment that underlies the formation of functional kinetochore-microtubule fibers and chromosome alignment on the metaphase plate.
MST1 Phosphorylates Aurora B and Inhibits Its Hyperactivation
We next explored how MST1 contributes to the stability of kinetochore-microtubule attachment and precise chromosome alignment. We found that the kinase activity of Aurora B was increased in MST1-depleted cells, as revealed by an increased level of phosphorylation of Aurora B on Thr 232 ( Figure 3A) , which reflects kinase activity [18] . Indeed, the ratio of phosphorylated to total Aurora B was increased w1.5-to 2-fold in MST1-depleted cells compared with that in control cells at 6 to 14 hr after the release of cells from thymidine block ( Figure 3B ). MST1 depletion did not induce the premature activation of Aurora B (Figure 3A) , however, indicating that MST1 does not affect the timely activation of Aurora B.
To rule out the possibility that the increased level of phosphorylation of Aurora B on Thr 232 in MST1-depleted cells results from prolongation of mitosis, we directly examined the staining intensity for phosphorylated Aurora B at similar mitotic phases. Antibodies specific for Thr 232 -phosphorylated Aurora B were characterized in HeLa cells treated with ZM447439, a small-molecule inhibitor of Aurora B [19] (Figure S2A) . The antibodies to phospho-Aurora B recognized -phosphorylated or total Aurora B. Images were acquired from cells in similar mitotic phases, and centrosome-specific staining was excluded from analysis. Scale bars represent 5 mm. (D) The relative ratio of Thr 232 -phosphorylated to total Aurora B was determined by image analysis in experiments similar to that shown in (C). Data are means 6 SEM for at least 10 cells in each of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005 versus control (Student's t test). (E) Lysates of 293T cells transfected with vectors for Flag-Aurora B and either wild-type (WT) or kinase-dead (KD) forms of HA-MST1 were subjected to immunoprecipitation (IP) with antibodies to Flag or control IgG, and the resulting precipitates as well as cell lysates were subjected to immunoblot analysis with antibodies to Flag or to HA. Asterisk indicates Ig heavy chain. (F) Purified WT or KD forms of GST-MST1 were subjected to an in vitro kinase assay with a KD form of GST-Aurora B as substrate. The kinase reaction mixtures were analyzed by autoradiography (bottom) and then subjected to immunoblot analysis with antibodies to GST (top).
(G) The kinase activity of purified GST-Aurora B was assayed with histone H3 as substrate in the absence or presence of purified GST-MST1 KD or of increasing concentrations of GST-MST1 WT. Reaction mixtures were analyzed by autoradiography and then subjected to immunoblot analysis with antibodies to GST or to Ser both centrosomes and centromeres, but only the centromerespecific staining was lost in cells treated with ZM447439, indicating that the centrosome-specific staining was attributable to Aurora A phosphorylated on Thr 288 ( Figure S2A ). Staining with the antibodies to phospho-Aurora B as well as with antibodies to Aurora B revealed that the intensity ratio of phosphorylated to total Aurora B was increased 1.24 (60.08)-fold in MST1-depleted cells compared with that in control cells (Figures 3C and 3D) . Moreover, this ratio was increased 1.70 (60.13)-fold in cells depleted of both MST1 and MST2, suggesting that MST1 and MST2 restrict the kinase activity of Aurora B to the appropriate level. In addition, we found that the ratio of phosphorylated to total Aurora B was increased 1.31 (60.09)-fold in NDR1-depleted cells ( Figures 3C and  3D ), implicating NDR1 in the regulation of Aurora B by MST1 and MST2. Depletion of BubR1 also induced a 1.50 (60.15)-fold increase in this ratio ( Figures 3C and 3D) , consistent with previous observations [20] .
We next further investigated whether the function of MST in regulating Aurora B activity is conserved in mouse embryonic fibroblasts (MEFs). (Figures S2B and S2D) . Thus, both Mst1 and Mst2 regulate Aurora B activity, with Mst1 being a dominant regulator and Mst2 functioning when Mst1 is deficient.
We next examined whether MST1 might directly regulate Aurora B activity. Immunoprecipitation analysis revealed that hemagglutinin (HA) epitope-tagged MST1 associated with Flag epitope-tagged Aurora B ( Figure 3E ) and that the COOH-terminal kinase domain of Aurora B was sufficient for its binding to MST1 ( Figure S2E) . A HA-tagged MST1 kinasedead form whose ATP-binding site was mutated did not efficiently bind to Flag-Aurora B, suggesting that the association of MST1 with Aurora B is dependent on the kinase activity of MST1 ( Figure 3E) . A purified glutathione S-transferase (GST)-tagged kinase-dead mutant of Aurora B ( Figure S2F ) was efficiently phosphorylated by both immunoprecipitated GFPFlag-MST1 ( Figure S2G ) and purified GST-MST1 ( Figure 3F ), but not by the kinase-dead mutant of MST1. Moreover, GST-MST1 or purified His 6 -tagged MST1, but not the kinase-dead mutant of MST1, inhibited the kinase activity of purified Aurora B measured with a known substrate, histone H3, in vitro (Figure 3G ; Figure S2H ), suggesting that MST1 inhibits the kinase activity of Aurora B through direct phosphorylation. We also found that NDR1 associated with Aurora B and that expression of MST1 with NDR1 increased the extent of Aurora B-NDR1 association ( Figures S2I and S2J) , suggesting that MST1-mediated activation of NDR1 promotes its binding to Aurora B. We further determined whether MST1, NDR1, and Aurora B form a tripartite complex by performing sequential immunoprecipitation analysis. Whereas Flag-Aurora B was again coprecipitated with HA-MST1, the precipitate did not contain detectable HA-NDR1 (Figure S2K) , suggesting that the three proteins do not form a stable tripartite complex.
However, given that MST1 activates NDR1 and promotes its association with Aurora B, we are not able to exclude the possibility that the three proteins form a transient weak complex. Together, our in vitro and in vivo results suggest that MST1 inhibits hyperactivation of Aurora B directly by phosphorylating Aurora B as well as indirectly via regulation of NDR1.
Aurora B Mediates the Function of Both MST1 and NDR1 in Kinetochore-Microtubule Attachment Given that depletion of MST1 or NDR1 resulted in hyperactivation of Aurora B, we next examined whether an increase in the kinase activity of Aurora B might induce chromosome misalignment similar to that observed in cells depleted of MST1 or NDR1. To address this issue, we examined mitotic HeLa cells overexpressing Aurora B. We found that 55% of cells overexpressing Aurora B exhibited kinetochores that were unattached to microtubules and chromosomes that failed to align at the metaphase plate ( Figures 4A and 4B ). To further determine whether the defect in kinetochoremicrotubule attachment in cells depleted of MST1 or NDR1 is attributable to the hyperactivation of Aurora B, we tested whether inhibition of Aurora B might rescue the phenotype induced by MST1 or NDR1 depletion. Exposure of MST1-depleted cells to ZM447439 revealed that the mitotic arrest induced by MST1 depletion was partially relieved in the presence of ZM447439 ( Figure S3A ). However, we could not exclude the possibility that this finding was attributable to a defective spindle checkpoint in the ZM447439-treated cells, given that ZM447439 compromises the spindle checkpoint, likely by interfering with the kinetochore localization of BubR1, Mad2, and CENP-E [19] . We therefore examined kinetochore-microtubule attachment in cells depleted of both MST1 and Aurora B ( Figure 4C ; Figure S3B ). Cells depleted of both MST1 and Aurora B manifested more cold-stable microtubules than did cells depleted of MST1 alone ( Figure 4C ), indicating that hyperactivation of Aurora B was responsible for unstable kinetochore-microtubule attachment in MST1-depleted cells. Depletion of Aurora B also conferred a stable microtubule configuration in NDR1-depleted cells subjected to cold treatment ( Figure 4D ; Figure S3C ). Together, these results suggest that Aurora B depletion prevented the development of unstable kinetochore-microtubule attachment induced by depletion of MST1 or NDR1.
Conclusions
In conclusion, we have provided evidence that MST1 limits the extent of Aurora B activation in order to promote stable kinetochore-microtubule attachment and chromosome alignment during mitosis ( Figure 4E ). In MST1-depleted cells, the lack of proper kinetochore-microtubule attachment prevented accurate chromosome alignment on the metaphase plate and thereby triggered activation of the spindle checkpoint in a manner dependent on Mad2 and BubR1, ultimately leading to a delay in the onset of anaphase. Together with the recent demonstration of the mitotic activation of MST1 and MST2 [12, 15] , our present results support the notion that MST1 and MST2 contribute to normal mitotic progression. Moreover, we showed that hyperactivation of Aurora B is responsible for the improper kinetochore-microtubule attachment and chromosome misalignment observed in MST1-or NDR1-depleted cells. Aurora B has been proposed to function as a key regulator of kinetochore-microtubule attachment. Active Aurora B has been shown to promote the turnover of kinetochore-microtubule fibers and to destabilize kinetochoremicrotubule attachment through phosphorylation and regulation of its substrates, including HEC1 (Ndc80) and the microtubule depolymerase MCAK [2] [3] [4] [22] [23] [24] . In the present study, we showed that MST1 limits the basal kinase activity of Aurora B, likely through direct phosphorylation. This study adds another aspect to regulation of Aurora B kinase activity, which is already known to be enhanced by INCENP, borealin, and survivin [25] and negatively regulated by protein phosphatases 1 and 2A [26] . Recently, physical tension has been shown to modulate the relative spatial distributions of Aurora B and its substrates, ultimately determining the phosphorylation of its substrates [27] . The direct regulators of Aurora B kinase activity thus might affect the extent of substrate phosphorylation after repositioning of Aurora B closer to its substrates through physical tension. Therefore, the kinase activity of Aurora B is likely strictly regulated at multiple levels during mitotic progression. Indeed, expression of Aurora proteins is increased in many cancers in which dysregulated activation of these kinases might promote genomic instability [28] . The expression of MST1 was found to be downregulated in human soft tissue sarcoma [29] and human colorectal cancer [30] . Our results thus support the emerging role of MST1 in tumor suppression by showing that MST1 negatively regulates Aurora B activity and thereby contributes to the fidelity of chromosome segregation.
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